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1
REDUNDANT DELAY DIGITAL-TO-TIME
CONVERTER

BACKGROUND

Digital-to-time converters (DTC) are promising building
blocks for future phase modulators, as well as for use in pulse
width modulation, and the like. A DTC is a building block
which delays incoming signal edges according to digital tun-
ing information at its input. For example, a DTC may convert
a digital signal or a digital value to a time delay. It may
provide particular delays that can be used for triggering,
syncing, delaying, and/or gating certain events. In a phase
modulator, for instance, the DTC may act as a variable delay
element which alters the phase of an incoming quasi periodic
signal by dynamically changing its delay.

There are some multi-stage approaches that are currently
used to construct high dynamic range DTCs. For example, in
a first stage, coarse delays may be generated by selecting
coarse phases of the input signal. In a second stage, an inde-
pendent delay element may be used to interpolate in between
the coarse phases. Problems may emerge, however, if the
tuning range of the independent delay element does not fit
perfectly into the coarse intervals. This may happen, for
instance, when the gain of the independent delay is not per-
fectly known and/or due to variations of the coarse delay
elements.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description is set forth with reference to the
accompanying figures. In the figures, the left-most digit(s) of
areference number identifies the figure in which the reference
number first appears. The use of the same reference numbers
in different figures indicates similar or identical items.

For this discussion, the devices and systems illustrated in
the figures are shown as having a multiplicity of components.
Various implementations of devices and/or systems, as
described herein, may include fewer components and remain
within the scope of the disclosure. Alternately, other imple-
mentations of devices and/or systems may include additional
components, or various combinations of the described com-
ponents, and remain within the scope of the disclosure.

FIG. 1 is a schematic diagram of an example delay circuit,
wherein the techniques and devices disclosed herein may be
applied, according to an implementation. An example delay
characteristic is also shown, in the form of a pair of graphs.

FIG. 2 illustrates a pair of delay characteristics, each shown
in the form of a pair of graphs, according to two examples.

FIG. 3 illustrates a pair of delay characteristics, each shown
in the form of a single graph, according to an implementation.

FIG. 4 is a schematic diagram of an example delay circuit
utilizing a combination of a coarse delay stage and a fine
delay stage, according to an implementation.

FIG. 5 is a flow diagram illustrating an example process for
generating a digital delay based on overlapping fine delay
intervals, according to an implementation.

DETAILED DESCRIPTION

Overview

Representative implementations of devices and techniques
convert a digital signal or a digital value into a time delay. A
digital time delay may be generated based on a combination
of a coarse delay and a fine delay. The coarse delay may be
selected based on the input value, for example. The fine delay
may be selected from an overlapping set of fine delay inter-
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vals, based on the selected coarse delay. In some implemen-
tations, a control component may be used to select the fine
delay when more than one fine delay interval is indicated,
based on the selected coarse delay.

In an implementation, a random or pseudo-random genera-
tor may be used to select the fine delay interval when more
than one fine delay interval of the set of overlapping fine delay
intervals is indicated. In a further implementation, a calibra-
tion component may be arranged to dynamically provide
calibration of the fine delay intervals and/or scale the input
value to fit the fine delay intervals to the coarse delay inter-
vals. When the fine delay intervals fit the coarse delay inter-
vals, a precise delay may be generated based on the input
value without gaps or steps between intervals.

Various implementations and techniques for delay arrange-
ments are discussed in this disclosure. Techniques and
devices are discussed with reference to example delay circuits
illustrated in the figures. However, this is not intended to be
limiting, and is for ease of discussion and illustrative conve-
nience. The techniques and devices discussed may be applied
to various delay circuit designs, structures, devices, and the
like, and remain within the scope of the disclosure.

Implementations are explained in more detail below using
a plurality of examples. Although various implementations
and examples are discussed here and below, further imple-
mentations and examples may be possible by combining the
features and elements of individual implementations and
examples.

Example Delay Circuit

FIG. 1 is a schematic diagram of an example delay circuit
100, wherein the techniques and devices disclosed herein
may be applied, according to an implementation. An example
delay characteristic is also shown, in the form of a pair of
graphs 120, 122.

In general, the delay circuit 100 produces a desired time
delay to an input frequency (e.g., “fixed frequency from
PLL”). In other words, the delay circuit 100 delays incoming
signal edges according to tuning information at its input. In
various implementations, the input frequency may be sup-
plied by a phase-locked-loop (PLL), or the like. The input
frequency may be divided by a divider 104, for example, and
then passed through one or more coarse delay elements 106,
based on the desired delay.

Inanimplementation, a coarse delay is generated by select-
ing coarse phases of the input signal. For example, the coarse
phases may be based on the divider 104, dividing the input
frequency in preparation for passing the resulting signal
through the one or more delay elements 106.

In an implementation, each coarse delay element 106 adds
a predetermined amount of delay time (e.g., 100 ns, etc.) to
the output delay. Accordingly, a desired coarse delay duration
may be produced by accumulating a quantity of delay times
from the one or more delay elements 106 (e.g., passing
through three coarse delay elements 106 may result in 3x100
ns=300 ns of time delay, etc.). In one example, the coarse
delay elements 106 are a fixed delay interval from each other.
This is represented in the example delay characteristic graph
120, as shown in FIG. 1 (i.e., “COARSE DELAY”") with the
solid-line delay intervals.

In an implementation, the coarse delay interval is accumu-
lated with a multiplexer 108, for example. In one implemen-
tation, the delay circuit 100 includes a fine delay stage 110
having a finer delay increment (e.g., 2 ns, 5 ns, 10 ns, etc.)
than the coarse delay interval. This second stage may include
an independent delay element 112 with fine tuning capability,
used to interpolate in between the coarse phases. In other
words, the fine delay intervals may interpolate between each
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of the coarse delay intervals, as shown in the example delay
characteristic 120 of FIG. 1, by the dashed lines (i.e., “FINE
DELAY”). In alternate implementations, an example delay
circuit 100 may include fewer, additional, or alternate com-
ponents.

If the fine delay intervals fit well to the coarse delay inter-
vals, the result is the ideal tuning curve 122, as shown in FI1G.
1. The ideal tuning curve 122 is shown free from gaps, steps,
etc. based on fine tuning intervals that ideally interpolate
between each of the coarse delay intervals (as shown in the
graph 120, for example).

Problems emerge, however, if the tuning range of the fine
delay stage 110 does not fit perfectly into the coarse intervals.
This may happen in practice if the gain of the fine delay 110
is not perfectly known and/or due to variation of the coarse
delay elements 106. The delay characteristic graphs of FIG. 2
show potential impacts of these possibilities. Large steps and
even non-monotonic behavior may occur at the transitions
between subsequent coarse steps. This is shown in the graphs
202 and 206, by the fine delay intervals (the dashed lines) not
interpolating fully between the coarse delay intervals (the
solid lines). It is also evidenced by the graphs 204 and 208, by
the steps and/or gaps in the overall delay characteristic.
Example Redundant Delay Digital-to-Time Converter

In various implementations, the fine delay interpolation of
a delay circuit (such as delay circuit 100, for example) can be
improved, thereby improving the performance of the circuit
100, and reducing or removing gaps and/or steps in the delay
characteristic for the range of the circuit 100.

FIG. 3 illustrates a pair of delay characteristics 302 and
304, according to an implementation. The graph 302 repre-
sents the ideal delay characteristic (or a close approximation
to the ideal characteristic) wherein the fine delay intervals
(the dashed lines) are interpolated (or fit) between each of the
coarse delay intervals (the solid lines). The delay character-
istic 302 results in a delay curve as shown in FIG. 1 at 120, for
example. In an implementation, a delay circuit 400 (see FIG.
4) may be used to produce the curve 302, based on producing
the curve 304, as explained below.

FIG. 4 is a schematic diagram of an example delay circuit
400 utilizing a combination of a coarse delay stage compris-
ing one or more coarse delay elements 106 and a fine delay
stage including a fine delay component 110 and a fine tuning
element 112, according to an implementation. In one imple-
mentation, many of the features of the delay circuit 100, as
discussed above, are also features of the delay circuit 400.
However, the delay circuit 400 is arranged to use a set of
overlapping fine delay intervals 306, as shown in FIG. 3 at
304, to generate a digital delay. For example, the coarse delay
stage and the fine delay stage are arranged to generate a digital
delay value based on the input signal.

In an implementation of the circuit 400, the coarse delay
stage is arranged to select a coarse delay from a set of coarse
time intervals, based on an input signal (i.e., “FIXED FRE-
QUENCY FROM PLL”) and the one or more delay compo-
nents 106. In an example, the delay circuit 400 delays incom-
ing signal edges according to tuning information at its input.
In various implementations, the input frequency may be sup-
plied by a phase-locked-loop (PLL), or the like. The input
frequency may be divided by the divider 104, for example,
and then passed through the one or more coarse delay ele-
ments 106, based on the desired delay.

In an implementation, the delay circuit 400 detects when
the desired delay falls into an overlap region 306. For
example, as shown in FIG. 3 at 304, an overlap region 306
comprises a subset of the set of coarse time intervals where
more than one fine delay interval within the set of overlapping
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fine delay intervals intersects a coarse delay. For instance, the
subset of coarse delay intervals where more than one fine
delay intersects a coarse delay are shown in the heavy solid
lines, at 306. For each of the coarse delay intervals of subset
306, more than one fine tuning interval may be used to fine
tune the coarse delay to the desired delay value.

In one implementation, the fine delay stage is arranged to
determine a fine delay interval from the set of overlapping fine
delay intervals 306, based on the selected coarse delay. For
example, in one implementation, the circuit 400 includes a
control module 402 arranged to select the fine delay interval
when more than one fine delay interval of the set of overlap-
ping fine delay intervals 306 is indicated, based on the
selected coarse delay. In various implementations, different
techniques may be applied to determine the fine delay interval
in this case.

In an implementation, the control module 402 is arranged
to detect whether the selected coarse delay falls into a fine
delay overlap region 306. The control module 402 is further
arranged to determine whether an upper part of a first fine
tuning interval or a lower part of a second fine tuning interval
(as shown in FIG. 3 at 306) is determined by the fine delay
stage.

In one example implementation, the control module 402
includes a random generator or a pseudo-random generator
arranged to select the fine delay interval. In alternate imple-
mentations, other components, modules, etc. may be used to
select the fine delay interval. In an implementation, the ran-
dom or pseudo-random generator, determines which possible
realization (i.e., fine delay interval) of the delay curve is
chosen, i.e. whether the upper part of one fine delay interval or
the lower part of another fine delay interval within the tuning
characteristic is used. In an example, the random or pseudo-
random generator uses a random or pseudo-random value to
select the fine delay interval.

In an implementation, the resulting delay is compared to
the respective selected coarse delay. For instance, a compara-
tor 404 is arranged to compare an output of the coarse delay
stage to an output of the fine delay stage.

In one implementation, one or more tuning values for the
calibration circuit 404 are based on whether the determined
fine delay interval leads or lags the selected coarse delay. For
example, the comparator 404 may be arranged to compare the
timing between the output of the fine delay stage and the
output of the coarse delay stage. In other words, the compara-
tor 404 detects whether the fine delay signal or the coarse
delay signal arrives first. Based on this comparison, the tuning
values for which the fine delay is equal to the coarse delay
(e.g., the points of intersection of the fine delay intervals and
the coarse delay intervals on the graph 304) can be computed.
In one implementation, the tuning values are computed itera-
tively.

In an implementation, with the points of intersection of the
fine delay intervals and the coarse delay intervals computed,
the input signal is scaled based on those intersection points
such that the fine tuning characteristics (i.e., the fine delay
intervals) fit into the coarse time intervals, as shown in FIG. 3
at graph 302.

In an implementation, the delay circuit 400 includes a
calibration circuit 406. In one implementation, the calibration
circuit 406 is arranged to scale the input signal based on the
one or more values where the fine delay interval intersects the
coarse delay. For example, the calibration circuit 406 is
arranged to scale the input signal such that the fine delay
interval fits into a coarse time interval.

In an implementation, the calibration circuit 406 is
arranged to take gain variations of the fine delay elements 110
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and 112 and local variations of the coarse delay elements 106
into account and to correct for them dynamically. In particu-
lar, the calibration circuit 406 is arranged to automatically and
dynamically calibrate the gain of the fine delay stage (or fine
delay tuning element 112) based on an output of the compara-
tor 404 and on the determined fine delay interval.

In another implementation, the calibration circuit 406 is
arranged to update an estimation of a transition point associ-
ated with a transition from a first fine delay interval to a next
fine delay interval based on an output of the comparator 404
and the determined fine delay interval.

As discussed above, the techniques, components, and
devices described herein with respect to the implementations
are not limited to the illustration of FIGS. 1-4, and may be
applied to other delay devices, circuits, and designs without
departing from the scope of the disclosure. In some cases,
additional or alternative components may be used to imple-
ment the techniques described herein. Further, the compo-
nents may be arranged and/or combined in various combina-
tions, while resulting in a desired delay. It is to be understood
that a delay circuit 400 may be implemented as a stand-alone
device or as part of another system (e.g., integrated with other
components, systems, etc.). In various implementations,
additional or alternative components may be used to accom-
plish the disclosed techniques and arrangements.
Representative Process

FIG. 5 is a flow diagram illustrating an example process
500 for providing a desired delay using a delay circuit (such
as delay circuit 400, for example) according to various imple-
mentations. The process 500 describes using a technique
based on overlapping fine delay intervals. The process 500 is
described with reference to FIGS. 1-4.

The order in which the process is described is not intended
to be construed as a limitation, and any number of the
described process blocks can be combined in any order to
implement the process, or alternate processes. Additionally,
individual blocks may be deleted from the process without
departing from the spirit and scope of the subject matter
described herein. Furthermore, the process can be imple-
mented in any suitable materials, or combinations thereof,
without departing from the scope of the subject matter
described herein.

At block 502, the process 500 includes selecting a coarse
delay based on an input signal. In an implementation, the
coarse delay is selected from a set of coarse time delay inter-
vals, for example. In various implementations, the input sig-
nal may be supplied by a PLL, or the like.

At block 504, the process includes detecting whether the
selected coarse delay falls into a fine delay overlap region
(such as delay overlap region 306, for example). In various
implementations, the fine delay overlap region comprises a
subset of the set of coarse time intervals where more than one
fine delay interval within a set of overlapping fine delay
intervals intersects a coarse delay.

In an implementation, the process includes tuning the fine
delay intervals of the set of overlapping fine delay intervals to
a greater time interval than the course time interval (see graph
304 of FIG. 3, for example).

Atblock 506, the process includes determining a fine delay
interval from a set of overlapping fine delay intervals, based
on the selected coarse delay. In an implementation, the pro-
cess includes using a random or pseudo-random value to
determine the fine delay interval when more than one fine
delay interval within the set of overlapping fine delay inter-
vals is indicated, based on the selected coarse delay. In one
example, the process includes using a random or pseudo-
random value to determine the fine delay interval when more
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6

than one fine delay interval within the set of overlapping fine
delay intervals intersects the selected coarse delay.

At block 508, the process includes determining one or
more values where the fine delay interval intersects the coarse
delay.

At block 510, the process includes scaling the input signal
based on the one or more values where the fine delay interval
intersects the coarse delay. In an example, the process
includes determining at least two values where the fine delay
interval intersects the coarse delay and scaling the input sig-
nal based on the at least two values. In a further example, the
process includes scaling the input signal such that the fine
delay interval fits into a coarse time interval (see graph 302 of
FIG. 3, for example).

In an implementation, the process includes comparing the
determined fine delay interval to the selected coarse delay,
and iteratively computing tuning values for which the fine
delay interval is equal to the coarse delay. For example, in one
implementation, the process includes comparing a timing of
the fine delay interval to a timing of the coarse delay, and
computing tuning values for which the fine delay is equal to
the coarse delay based on whether the fine delay interval leads
or lags the coarse delay.

In an implementation, the process includes dynamically
calibrating a gain of a fine delay tuning component based on
the comparing and on the determined fine delay interval. In an
example, the process includes dynamically correcting for fine
and/or local variations of coarse delay components.

In one implementation, the process includes generating a
digital delay value based on the input signal, where the digital
delay value is generated either with a (first) fine tuning of a
lower coarse delay within the fine delay overlap region or by
a (second) fine tuning of an upper coarse delay within the fine
delay overlap region. For example, the first fine tuning is
associated with a first fine delay interval and the second fine
tuning is associated with a second fine delay interval. In the
example, the first fine delay interval overlaps the second fine
delay interval.

In alternate implementations, other techniques may be
included in the process 500 in various combinations, and
remain within the scope of the disclosure.

Conclusion

Although the implementations of the disclosure have been
described in language specific to structural features and/or
methodological acts, it is to be understood that the implemen-
tations are not necessarily limited to the specific features or
acts described. Rather, the specific features and acts are dis-
closed as representative forms of implementing example
devices and techniques.

What is claimed is:

1. An apparatus configured to receive an input signal and a
digital value representative of a target time delay and to
provide a representation of the input signal delayed by the
target time delay, the apparatus comprising:

a control module configured to receive the digital value;

a coarse delay stage arranged to receive the input signal and

to provide a coarse delayed representation of the input
signal using a selected coarse delay interval, the selected
coarse delayed interval based on a coarse delay setting
received from the controller; and

a fine delay stage arranged to provide a fine delay interval

from a set of overlapping fine delay intervals, based ona
fine delay setting received from the controller,

wherein a first fine delay interval selection from the set of

overlapping fine delay intervals can provide the fine
delay;
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wherein a second fine delay interval selection from the set

of overlapping fine delay intervals can provide the fine
delay, the second fine delay selection different from the
first fine delay selection;

wherein a combination ofthe selected course delay interval 5

and the fine delay is configured to provide the target time
delay; and

wherein the control module includes a random generator

arranged to select one of the first fine delay interval or
the second fine delay interval. 10

2. The apparatus of claim 1, further comprising a compara-
tor arranged to compare a timing of an output of the fine delay
stage with an output of the coarse delay stage.

3. The apparatus of claim 2, further comprising a calibra-
tion circuit arranged to update an estimation of a transition 15
point associated with a transition from a first fine delay inter-
val to a next fine delay interval based on an output of the
comparator and the determined fine delay interval.

4. The apparatus of claim 1, further comprising a calibra-
tion circuit arranged to scale the digital value based on one or 20
more values where the fine delay interval intersects the coarse
delay.

5. The apparatus of claim 4, wherein the calibration circuit
is arranged to scale the digital value such that the set of
overlapping fine delay intervals span each incremental coarse 25
delay time interval.



